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STUDY OF THE COLLISIONS OF METASTABLE ATOMS OF He/2°8/
WITH HELTUM AND NEON, AND OF NeT IONS WITH HELIUM

A, P, Kslinin and V. B. Leonas

1. In recent years the investigation of -collisions of meta-
‘stéble He atoms with atoms of the noble gases has attracted a
large number of researchers. Thig is due, on the one hand, to

the important role of these collisions in Processes in discharge
and ionospheric plasmas; on the other hand, these systems are of
high interest to the theory of atomic collisions, since the rela-
tive simplicity of the electronilc structure opens up-an approach
to nonempiri?al calculations of thelr energles and thus, to Af )

guantitative predictions of effects accompanying collisions.

This present study deals with the interaction of metastable
He atoms 1in the 238 state with helium and neon atoms in the free
state lS and aims at determining the trend of molecular terms of
these systems in the region of simall distances of approachecfmost
of the preceding experimental studies were concerned with the
interaction at large distances-é—%47).

In the case of the system Hé£/2%8/ - He/ilS/ symmetry leads
to the initiation of two tefms -- even /3 2;/'and odd /323/
(Pig. 1), and the scattering pattern is thejeffective superposi-
tioning of the contributions of both states. Methodological

capabilities of the present experiment do not permit the extrac-

Z;*

tion of information on the trend of individual terms from the i&

observable scattering pattern and therefore in the case of the
system He*/238/ - He/llS/ the aim was to find the degree of
accuracy of the most reliable nonempirical calculations /2_/

¥ Numbers in the margiln indicate pagination in the foreign text.



of the terms 3 Eu ggbased on a comparison of predictions from
3¢

these calculated and measured seattering patterns.

4ﬂ~the~€&SE*%f the system He*-Ne, the goal was to determine
the trend of the 3x term and to find the nature of its approxi-
mation toward the cut-off of the continuous spectrum correspond-~
ing to the lowest terms o and Sl of the molecular ion /HeNe/%]
calculated in 173;7, To verify the accuragy ol these calbulations,
an additionagl study was made of the scattering of a beam of Ne+
iong in hellum and the pattern obgerved was comparedwwith the
pattern calculated on the basis of the theoretical potentials
given in the paper / 3_/. The poor agreement found indicates
the necessity of refining the eﬁefgjigg;culétions of the system

/HeNe/+.

II. A study of the scattering of a beam of He*/238/ with
energies E = 400, 600, 1200, and 2000 eV at smwall angles was
conducted on a stand shown in Fig., 2. Here: 1 is a Nirovskiy- |
type ion source; 2 is a magnetlc mass analyzer emitting ions
with the necegsary mass; 3 18 a charge-exchange chamber for
obtaining neutral particles from lons; L4 is & deflecting capaci-
tor in which the noncharge-exchanging iong are removed from the
primary beam; 5 1s a scattering chamber with electromagnetilc
valve 6 with which the scattering gas can be released alternately
into the scattering chamber or intc the vacuum vegsel; 7 1s a
detector, which is shifted along an [arc relatiive to the center
of the scattering chamber within the range of angles «= l-lO-3
to 41072
controllable wall temperature and thus, in addition to the gas

rad. The charge-exchange chamber is an oven with

targets, the vapor of alkali metals can be used for charge-
exchange purposes.

A channel-type electronic multiplier (GEM) was used as ths
particle detector; the CEM significantly improved the resolving /5
power of the recording of scattered particles through a reduc-
tion of the dimengions of the g8lits of the scattering chamber



and the detector. The recording was carried out in the discrets
recording mode. It should be noted that the efficiency of record-
ing metastable particles at the beam energies used was ciose to
unity, while the efficiency of recording atoms deactivated to the
ground state at the energy of 600 eV will become egqual to 0.8

: [7ﬁ~7 and this circumstance must be taken into account when
interpreting the experimental data. In the study of the scatter-
ing of Ne+ in He, the use of the deflecting capacitor made‘it
possible to measure the differential scattering of lons and to
preclude the effect of charge exchange. For He¥*-He, thé flux
measured by the detector included both elastically scattered
particles, as well as particles zscattered with transfer of exci-

tation,

The entrance glit of the gcattering chamber determining beam
geometry was an opening with a diameter.Qf 0.1 mm. The disftance
from the center of the scattering chamber to the detector was
212 mm. A diaphfagm with an opening of 0.3 mm was placed in
front of the CEM entrance.

A ecalibration technique wag used to determine the absolute
values of the differential créss-sections. Essentially, the
technlque amounted to measuring, at the same gas pressure in the
scattering chamber, the flux of scatfering particles for both
the system under study and the system whose absoclute differential
cross-section is known or canm be calculated on the basgis of avail-
able reliable interaction potentizl data. This avoided the naces-
sity oflmea§uring‘the pressure in the scattering chamber.

_ To obtain a beam of He*/éSS/ atoms, use was made of _ Jquasi-
resonant charge-exchange of He¥* ions in sodium vapor. Charge-
exchange in the vapor of alkali metals is a convenient and ef-
fective way of obtaining metagtable atoms / 5/, however in the
available studies on the determination of the total charge-exchange /6
cross-sections there is no information on the population of states

" in the beam of charge-exchanging particles. A



Thls estlimate can be made on the basis of theoretical calcu-
lations of the partial cross-sections of charge-exchange in differ-
ent states given the condition of thelr adequate reliability.

Fig. 3 presents the results of calculations [6] of the partilal
cross~sectlions for the charge-exchange of He+ in Na vapor. From
the relative trend of the partial cross-sectlion functions (the
accuracy of their determination should be regarded as identical)

1t can be concluded thatt for the beam of He+‘ﬁifﬁ E £€103 eV,
charge-exchange in sodium will lead to the predominant population
of the 238 level. The admixture of the 21
the case of Na, as seen from these calculations, reaches about

S state neglected in

50 percent for charge-exchange in Cs vapor and this factor casts
doubt on the homogeneity of the beams obtained by charge-exchange
in Cs.

In the paper [7] use was made specifically of Cs, and one of
the arguments for using Cs was the calculations made by Olson [8].
The reliabllity of the latter in our view i1s altogether inadegquate
for the conclusions drawn in [7] concerning beam composition.

The quantity measured in the present experiments is the current
of scattered particles captured by the detector, deflected by the
angle o relative to the beam axlis. The level of thils current was
defined as the difference of the currents IM and IP (I(a) = IM —&IP),
corresponding to the successive releases of the target gas into
the scattering chamber and (with constant mass volume flow) -- the
working volume (the value of 4 here 1s equal to the ratio of IIVI
to IP for the detector position e = 0). The current I{ a) can be
assoclated with the differential scattering cross-section on the
basis of involving ahcharacteristic such as the efficiency of

detector collection of the scattered particles.

The collection efficiency or the apparatus function F, (8),
whose numerical determination procedure 1s described in detall in
[¢], enables us to write the following obvious relation:



Te) -5 {S} TB,EL ) s> Aﬁz_,/ (1) /7
Here: o (e, E) is the differential cross-section for scattering
in the laboratory system of coordinates, and B is a known constant
[9]. Eg. (1) is the basis for a quantitative comparison of the
measured currents with the currents calculated from themndifferential
cross-section o (8 ,E), which in turn is uniquely determined by
the nature of the #&interaction (by the potential V(p)) of}the collid-
ing atoms. A typical appearance of the apparatus functions calcu-
lated for the geometrical condltions of the present study is shown
in Flg. 4 (the arrows denote the angular positions of the detec-
tor axls o).

ITI. Now let us examine the main relations used 1h the cal-

culation of the differentlal scatterlng cross-sections.

The complex nature of the terms of interaction of the systems
studied led to the necessity of using a quantum treatment of
scattering, according to which the cross-section in the center-
of-mass system o (x ) is assoclated with the scattering amplitude
f(x ), which in turn is the Summation of the partial waves:

TR (IR (TR (2&.}4 Ew’} [exp(Ray- :prm,d/ (2)

Here the symbbls aré the usual ones and colncide with those adopted
in [10]. To compute the phases 7, use was made of the high-
energy approximation (V(r) =< E}, in accordance with which

. eﬁﬁ._{:g%p-u&;]“"@cjrj (3)
) .

a1

And in computing the integfal (3), use was made of its approxima-
tion with the fast-converging series given in'[11]. Use of the
approximation bypassed the necessity of an analytical specifica-

tion of V(R) over the entire interval of approach states used.

For [ =< {,, determined from the relation V( ﬁcr/k)tr E calculated
according to [3] the phases are deliberately incorrect; however ég_
the smallness of the contribution to the sum of the partial waves



Vey of terms with Q'Q’Qr
AR (in this case the
C AT larger values of 7,
| make 1t possible to
| 1T use the approxima-
3 tion of the random
i %1 phases) ensured the
E ol good accuracy of the
! approximation. The
?-QS“ interaction for the
5 systems He¥-He and
: -1+ Ne'-He 1s character-
] ized by the presence
?-45 - of two terms that are
j degenerate for large
‘ . n. Accordling to
[10], for He*-He the
Fig. 1, Potentlal curves of interaction total differentlal
of hellum atoms in various states / 2_/ cross-section of

Vscattering Gﬂ!is
equal to the sum of the differential cross-sectlons for elastic
scattering Uy and the excitation-exchange O and can be
written as {neglecting the contribution made by amplitudes for
the angles oy (x) o

EICIC TGP IR AR PWI 1 o0 ot / (i)

where fu and Ib are the scatterlng amplitudes in the V .9 poten-

tials.

The differential scattering cmoss-section of the Ne+ ions
in He due to the absence of interference can be represented as

'f;i‘(*gg)z w %G‘m f . (5)
Egs. (4) and (5) were used in the calculations'of I(x) based on

[11.



IV. Fig. 5, 6, and 7 pres
sent in reduced coordlnates
R (T () az) and T (¢ E) (equi-
valent to thé usual functions

S-' 6(9) SMQG and <= QE'X ) with

solid lines the eibé}imental
functlons for the systems

He*-He, He¥*-Ne, and Net-He for
"all the beam energies used.

‘Fig. 2. Scheme of experimental The precision of the measure-
setup (see text for symbols) ~ ments is indicated by the versial

tical stroke marks (each of

the measured curves was measured notfewer than three times); thus,
these curves yield a trend based on averaged values of the cur-
rents I{« ). Included with this primary experimental data is a
comparison of the calculated currents; the discussion of the com-

parison dsagdven below.

He¥*-He system. For the calculations of the total differen-

tial scattering cross-sections, use was made of the_interéctiéh' f
potentials shown in Fig. 1 with a solid line and calculated in

[2]. A comparison of the reduced current k calculated on the /9
basis of these potentials (dashed line) with the measured values

is given in Fig. 5a. As ecan be seen from the figure, over the en-
tire interval of T values, a strong difference between the calcu-
lated and measured currents can be observed. Presented in this

same figure, with a dashed-dottline are the results of cadculating
the current for the even and odd terms lz:: and 1,25 correspond-
ing to the system He/2lS/ - He/llS/, using the data on the terms
from [12]J.and [13]. The analogous difference observed precludes

the posslblity of accounting for this discrepancy by the inhomo-
genelty of beam composltion. Thls discrepancy cannot be explalned
elther by the effect of perturbations caused by the inelastic
channel associated with the interacticn 3:25 (or 125 ) -term

with 3[{ (or %] ) -term corresponding to the interaction of the

g g



He/23P, 1P/ - He

/lIS/ _atoms. Allow-
ing for this channel
can oiily increase

the discrepancy
between the calculated
and the measured wvaue
values of R in the
reglon T > 4.8. The
characteristiec trend
of 3£g'of the
adiabatic term is
caused by the growing

0 .ﬂba ' {b3 ﬁev approach j(non-

—J intersection) of the

terms corresponding
to different /3P,3S/
excited states of

Fig. 3. Dependence of charge-exchange cross-
sections of He ions in Na, according to / 6 /

the helium atom.
In [14] 1t 1s concluded that the interaction of these terms leads
to thelr very strdng mutual repulsion (greater splitting at the
point of approach) and a correspordingly lower probabillities
of transition from one adiabatic curve to another. This result
is purely theoretical and 1ts Justification can be shewn only by
direct experiment. These measurements also point to the conversef
situation. They can be gquantitatively explained only on the basis
of the assumption of the high ( — 1) transition probability,
that 1is, on the basis of bringing into the calculation of scat-

tering the adiabatlc trend of the 3

25 term. The selection of
the diabatic Vaapotential vielding the best agreement of the
measured and calculated currents (Fig. 5 b, circles) leads to
the curve shown in Fig. 1 with a dashed line and closely appro-
ximated by the function'iGET:jﬁiﬁaﬂ (where r is in %, and V is

in eV}.
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Fig. 4. Apparatus functions{Fo(6) for different
positions of detector « i1ndicated by arrows

The agreement achieved here can be regarded as good, though it /10
should be noted that the measured curves are more monotonic than
the calculated curves (the latter preserve traces of osclllations
in the cross-sections). It can be assumed that a fuller agreement
of measurements and calculations will be achieved on the basis of
a calculation within the frame of reference of the approach of
three states (a3 2:, c3 2;, and b328 orlr;b3118 /3 however, these calcula-/
tions are Jjustified only when there is a substantial improvement
in the resolution of the measurements of I{ «).

He¥-Ne system. The closeness of the cutoff of the continuous

spectrum for the system He¥-Ne opens up a theoretical possiblity
of observing the perturbations of the elastiec scattering pattern
by transitions with the loss of an electron. The contribution
made by the perturbing channel was assumed by us to be detectable
upon converting the primary data I(«) inte o (g, E). In the
event of the smallness of the contribution made in the reduced
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coordlnates p and 171, the

o measurements must fit on a
H é 4 He*- He o . single curve. This single
| 9 20 €=600 €V , curve was actually obtalned
' gi“ﬂ & for measurements with ener-
6 S gies E = 400, 600, 1200,
o R —— and 2000 eV (Fig. 6b) and
2 R . therefore it can be assumed
! N that within the limits of
ae , \’. i measurement error, the per-
12 W38 6 1EdEfad'evr turbing effect of the con-
2 e He'-He tinuous spectrum is absent.
2 40 For single-channel {elastic)
.:iem scattering, Eds. (2) and (3)
'éﬁ{_ give a method of calculating
“J g the cross-sectlon based on
E;Q the assumed potential V(r).
: Precisely by varying the
trend of the tabulated
- - V(r), the agreement of {
Fig. 5. Comparison of experimental the measured and the calcu-
and calculated functions R(T) (see lated functlons R(t) shown
text for symbols) in Fig. 6 a (with circles)
a. for theoretical potentials /2, for E = 600 eV were obtained.
12, 13/ ' The trend of the poten-
b, for the empirically found trend tial shown in Fig. 8 can aiso
of the 3HS;ter be approximated by the func-

tion V = 3.55/ru. Also
presented in this same figure 1s the trend of 2H and 2Z terms of

the system Ne -He calculated in [3]. From the figure it is clear
that the intersection of the 32 term with the cutoff of the contin-
uous spegtrum can occur only in the region of very strong approach

(r < 1 A), not attainable for the range of scattering angles
examined here. This last statement is valid only insofar a8 the /11



8 \ calculations J of the
'é 8 ‘terms'zz and °Il are
.4
Le ‘HG~NE ~valid. To verify the
o .
o A wlZ2 x2 & accuracy of these cal-
'__‘\\ .
8z culations, measurements
xé \ Eﬁﬂﬁﬂ were made of scattering
o ——ce
£=600 Ne' beam. Fig. 7 pre-
v L .
b 2 24 6 12 TodE, rad.eV sents the measured
%5 . 2;%%30% (solid 1ine) curve of
— a-4200eV D
&4 a- 2000 € R(T) and the R{T) curve
Ga calculated on the basis
é of the theoretical potszn
i %2 entials given in [3].
A . %hmé A _ From the figure 1t 1is
Q6 12 2, 6 42 T-9F rad-ev clear that the cal-
e - o e Culatéd'fungtion dif-
Fig. ©. Experimental functions R(T) fof fers very strongly
*
the system He -Ne (a) and a single function from the experimental
p (I")(é) derived fherefrom —;; funetion and that this

discrepancy indicates
imprecision in the cal-
culations gilven in [3].
The monotonicity of 22 ‘and 2II potentials does not permit deter-
mining their trend by combining the current calculated from the
varied potentials with the experimental current. In this case,
1t is possible to restore only the effective term.

Conclusion

1. Measurements were made of the differential scatftering
of the systems He*-He, He¥-Ne, and Ne¥-He.

2. The experimental functions obtained were compared with
the functions calculated from known literature data on the Inter-
action potentials of the systems He¥-He and Ne*-He. Discrepancies

11
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Fig. 7. Comparison of experimental function R(T) and
R(T) calculated according to / 3/

were found and the methods of eliminatling them are discussed,
3. The funectlon of the potentlal energy corresponding to

the term 3 25 of the system He2 was found and its analytical
approximation was proposed.

4, For the system He¥-Ne, the conversion of the experimental
functions I(e¢) into differential scattering cross-sections showed
the absence of interaction with the continuous spectrum in the
region of the approach distances investigated; the dependence
of V(r) for the system He*-Ne was found for the range of n values
from 0.7 to 2.5 R.

The authors are grateful to V. N. Khromov, who participated in
making some of the measurements,



Fig. 8. Trend of the potential of the
system Ne-He found 1n the present study
and its approximation with the fterms

n, ®s of /37
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